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Silica (Si) is a key nutrient for diatoms. Over the last century, Si concentrations within 
the Baltic Sea decreased significantly. This is mainly attributed to ongoing eutrophica-
tion, increased production and subsequent deposition and accumulation of organic matter 
including biogenic silica. As a consequence of the eutrophication, hypoxic and anoxic 
bottom waters have spread affecting nutrient cycling. This paper looks at the potential 
impact of oxygen on dissolved silica (DSi). It presents a statistical analysis of the rela-
tionship between DSi concentrations and oxygen conditions (O2) in the deep water of the 
Baltic Proper. The idea is not new, but this is the first time it is studied in more detail in 
this area. Regression analysis shows that DSi concentrations decrease significantly with 
O2 concentrations, and that the major intrusion of saline water in 1993 strengthened this 
relationship. Increased hypoxia will significantly affect the cycling of Si in the Baltic Sea.
Introduction
The Baltic Sea is a brackish and semi-enclosed 
water body with limited water exchange with 
the North Sea through the Danish Straits. This 
has resulted in long water residence times of 
more than 30 years (Papush et al. 2009). Major 
Baltic inflows (MBI) of saline water provide a 
supply of oxygen to the deep waters of the Baltic 
(Matthäus 2006). They also strengthen the salin-
ity stratification which decreases the oxygen 
exchange between the deep water and the sur-
face waters. During periods of weak stratifica-
tion, in-between the large inflows, large areas 
can benefit from improved oxygen conditions 
as the volume of surface layers increase (Stige-
brandt and Gustafsson 2007). These MBIs are 
infrequent and irregular, and stagnation periods 
in the deeper water can last a decade or more 
(Reissman et al. 2009).
Hypoxia has been intermittently present 
since the formation of the Littorina Sea (ca. 8000 
cal. yr BP) as a result of a natural climate-driven 
phenomenon. However, the spatial extent as well 
as the intensity of hypoxia have increased signif-
icantly with eutrophication (Zillén et al. 2008). 
In the 1950s–1960s, the extent of bottom areas 
with laminated sediments increased markedly in 
the Baltic Proper as a response to large inputs of 
organic material (Zillén et al. 2008). At the same 
time there were indications of an increased pro-
duction and shifts in diatom assemblages (e.g. 
Ellegaard et al. 2006, Weckström et al. 2007).
Today, the Baltic Sea has some of the highest 
percentages of seasonally hypoxic and perma-
nently anoxic areas of all the world’s marine 
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areas (Diaz and Rosenberg 2008). On average, 
the area covered by hypoxic water is ~50 000 
km2 (1961–2005), although the inter-annual vari-
ation is significant due to the variation in stratifi-
cation (Savchuk 2010).
In addition to the variation in the inflow of 
oxygenated water, eutrophication has also had 
a major impact on the distribution of hypoxia 
(Gustafsson 2012). In general, coastal eutrophi-
cation has caused extensive hypoxia in seas 
around the world (Diaz 2000), largely attribut-
able to the increased production and sedimen-
tation of organic material that occurs during 
eutrophication. Significant quantities of oxygen 
are consumed during the degradation of this 
material, causing decreases in the deep water’s 
oxygen content and in some cases also lead to 
a production of hydrogen sulphide. Based on 
paleoecological studies of the Baltic Sea sedi-
ments, signs of eutrophication, such as changes 
in the diatom assemblage composition, occurred 
already 100–150 years ago (Andrén 1999, Weck-
ström 2006). Other evidence of human-induced 
eutrophication caused by increased nutrient 
load were identified in the water mass in the 
beginning of the 1950s (Elmgren 2001). Major 
increases in the nitrogen (N) and phosphorus 
(P) loads to the Baltic Sea occurred in the 
1970s–1980s (Stålnacke et al. 1999), leading to 
significant increases in N and P concentrations in 
the water mass between the 1970s and the 1990s. 
The concentrations of these elements in the 
Baltic Sea have since declined slightly (Papush 
and Danielsson 2006).
DSi is essential for diatoms that dominate 
spring blooms (up to 80%–90% of the total 
spring bloom; Jurgensone et al. 2011). The avail-
ability of DSi can limit the spring bloom and 
lead to a shift from diatoms to dinoflagellates 
(Tallberg et al. 2012). A recent model of the 
silica budget in the Baltic Sea suggests that deep 
hypoxic/anoxic areas may act as internal sources 
of DSi (Papush et al. 2009). DSi in the Baltic 
Sea originates from weathering of bedrock and 
soil. In a long term, the DSi load to the Baltic 
Sea has decreased over time due to damming of 
its catchment. Within the Baltic Sea, DSi con-
centrations have decreased significantly (Papush 
and Danielsson 2006) due to eutrophication as 
a consequence of increased primary production 
and sedimentation. The changes in DSi concen-
trations are more dramatic than those seen for 
nitrogen and phosphorus, and the levels have 
become so low that quality and quantity of the 
sea’s primary production are under threat (Dan-
ielsson et al. 2008, Olli et al. 2008).
Despite evidences that redox can affect nutri-
ent dynamics, there are relatively few studies 
of oxygen conditions and DSi. The aim of this 
study was to statistically analyse the relationship 
between DSi and oxygen concentrations in the 
deep waters of the Baltic Proper. The analyses 
were based on data acquired during national 
monitoring programs conducted between 1970 
and 2010. Data from 16 deep stations in waters 
with varied conditions, including both oxic and 
hypoxic/anoxic environments, were examined.
Study area
The non-tidal Baltic Sea is located in northern 
Europe (Fig. 1). It is the world’s largest body of 
brackish water (373 000 km2, 21 000 km3) with a 
drainage area fourfold larger than the sea surface 
area, and a human population of ca. 84 million 
living in its vicinity (Hannerz and Destouni 
2006). The Baltic Sea can be divided into a 
number of sub-basins separated by sills. The 
present study focused on the largest sub-basin 
— the Baltic Proper — which shows a number 
of signs of eutrophication, including low oxygen 
concentrations or anoxia in the bottom waters.
Hydrography
The entrance sills between the Kattegat and 
the North Sea act as barriers that restrict water 
exchange and give the Baltic a long water 
residence time of 15–35 years (Matthäus and 
Schinke 1999, Papush et al. 2009). Major 
inflows from the North Sea are controlled by 
atmospheric forcing (Stigebrandt 2001). They 
mainly occur during winter when stronger than 
average westerly winds last over periods of days 
to weeks (Danielsson et al. 2007). These major 
saltwater inflows are unpredictable and infre-
quent. Over the last few decades, they occurred 
four times only: in 1974, 1993, 1997 and 2003 
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(Matthäus 2006). In addition to these larger 
events there were several less significant ones 
that ventilate the intermediate layers just below 
the halocline (Stigebrandt 2001, Elken and Mat-
thäus 2008). During the periods of stagnation 
in-between, there is a freshening of the surface 
waters and a continuous downward movement of 
the halocline and oxycline (Conley et al. 2002).
In addition to transporting O2 to the bottom 
waters, intrusions of saline water also affect the 
strength of the halocline. From 1959 to 1993, 
the strength of the Baltic halocline generally 
decreased (Rahm and Danielsson 2001). The 
1980s and 1990s were characterised by high 
precipitation, which led to an increased runoff 
volume and thus a decrease in salinity. This was 
partly responsible for the occurrence of a long 
period of “stagnation” of the deep waters. The 
major inflow in 1993 contributed to the resto-
ration of the halocline’s strength. However, in 
conjunction with the windy winters of the early 
1990s, the inflow also reduced the halocline’s 
stability, increasing the diffusive fluxes across it 
(Stigebrandt and Gustafsson 2007).
Reducing conditions in the bottom waters 
are a consequence of low ventilation and high 
remineralisation of organic matter. Anoxic con-
ditions occur if the rate at which oxygen is con-
sumed exceeds the rate at which it is imported 
from overlying waters and/or neighbouring 
areas. The deeper parts of the Baltic Sea have 
stagnant water masses below the halocline that 
can easily become anoxic; this occurred in the 
(geological) past (Zillén et al. 2008). In 2010, 
the Swedish Meteorological and Hydrological 
Institute (SMHI) carried out an extensive survey 
of bottom conditions in the Baltic Proper (Hans-
son et al. 2010). They found that ~28% of the 
bottom area was anoxic, and that almost 20% of 
the bottom water contained hydrogen sulphide. 
This is the largest anoxic bottom area observed 
since the start of more regular monitoring in the 
1960s.
Silica cycling
Long-term decreases in DSi concentrations have 
been observed in aquatic ecosystems around the 
world (Billen and Garnier 2007, Conley et al. 
2008). The nutrient loads of these systems are 
all affected by human activities, e.g. eutrophica-
Fig. 1. The bathymetry of 
the study area. The loca-
tions of the monitoring 
stations are also shown.
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tion. The decreases in DSi concentrations are 
attributed to the formation of intense diatom 
blooms, which are followed by sedimentation 
of biogenic silica exhausting the DSi pool in 
the water column (Schelske et al. 1983). In 
the Baltic Sea, the rate of Si accumulation in 
sediments increased by a factor of 1.9 during the 
20th century due to increased diatom production 
(Conley et al. 2008).
Silica is a product of weathering. The major 
DSi load comes from the northern parts of the 
Baltic Sea (Papush and Danielsson 2006, Hum-
borg et al. 2008). These loads declined by 30%–
40% over the 20th century due to increased 
retention within the sea’s catchments (Hum-
borg et al. 2008). Within the Baltic, DSi is 
transported towards the south, from the Gulf 
of Bothnia to the Kattegat, primarily along the 
western coast of the Baltic (Rahm and Dan-
ielsson 2007). In total, ~70% of the DSi river 
load is retained within the Baltic, primarily in 
the eastern regions (Papush et al. 2009). The 
DSi concentrations in the photic zone exhibit a 
characteristic pattern that is related to seasonal 
changes in the weather, Si loads, and primary 
production; the highest concentrations occur in 
winter and the lowest in summer (Papush and 
Danielsson 2006). From a historical perspective, 
silica concentrations have decreased from their 
“pristine” level of roughly 36 µM to their current 
value of about 13 µM (Conley et al. 2008). Most 
of this decline occurred some decades ago. Over 
a much shorter timescale (1970–2000), Si con-
centrations underwent annual decreases of 0.05 
to 1.2 µmol Si l–1 yr–1 (Papush and Danielsson 
2006). Because of this decrease, the concentra-
tion of DSi and the Redfield ratio indicate that 
during the diatom spring bloom DSi concentra-
tions can decrease drastically and the spring 
bloom may become Si-limited in some regions 
(Danielsson et al. 2008).
Spreading of hypoxic/anoxic areas and 
decreasing oxygen concentrations within the 
sediments increase the flux of inorganic nutri-
ents, including DSi into the overlaying water 
mass (Rabalais et al. 2010). This has also been 
found in the Baltic Sea (Papush et al. 2009, 
Tallberg et al. 2012). The sediments become an 
internal source and affect the nutrient recycling 
processes that fuel eutrophication. The release 
of phosphorus (P) from Fe oxides in the surfi-
cial sediments of the bottom waters is promoted 
under hypoxic/anoxic conditions (Mort et al. 
2010). This results in internal cycling of P that 
is likely to fuel primary production and thus 
contributes to the maintenance of low oxygen 
conditions (van Capellen and Ingall 1994). It has 
also been suggested that denitrification, which is 
intensified by deep water stagnation, might exert 
long-term control over the winter concentration 
of inorganic nitrogen compounds (Kuparinen 
and Tuominen 2001).
Data and statistical analyses
The data set was retrieved from the Swedish 
Ocean Archive (SHARK) database, which is 
maintained by the Swedish Meteorological 
and Hydrological Institute (SMHI). The data 
originate from the Swedish National Environ-
mental Monitoring Programme coordinated 
by the Swedish EPA. Observations from the 
years between 1970 and 2010 were examined. 
Dissolved silica concentrations were deter-
mined using the procedures recommended 
by HELCOM (2000), which are based on the 
molybdate method using ascorbic acid as the 
reductant developed by Grasshoff et al. (1983). 
The hydrography variables include measure-
ments of the oxygen and hydrogen sulphide 
concentration, temperature, and salinity. For 
convenience, anoxia is reported as “negative” 
oxygen computed from the amount of oxygen 
equivalent to oxidize the hydrogen sulphide pre-
sent in the bottom waters (Fonselius 1981).
Sixteen stations (see Fig. 1) with water 
depths of at least 100 m were chosen to ensure 
that the studied data accurately reflected the 
conditions below the halocline. In addition, all 
stations were in areas, where bottom water had 
been hypoxic or anoxic at some point (Table 1). 
All stations are sampled more often than once a 
year. From the 1990s and onwards the regular 
monitoring stations (BY10, BY15, BY20, BY29, 
BY31, BY32 and BY38) include > 50 sampling 
events per year. For three stations (BY11, BY19 
and BY21), data were only available from 1992 
onwards, and for station BY34 data was avail-
able only up to 1992.
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The average deep water DSi concentrations 
varied between 45.5 µmol l–1 (station BY21) 
and 72.5 µmol l–1 (station BY15). The measured 
salinity concentrations were dependent on the 
stations’ distance from the saline North Sea, the 
water depth and the general anti-clockwise circu-
lation of water in the Baltic Proper. Low O2 con-
centrations were recorded at most of the stations 
examined for almost the entire period studied. 
The only station at which oxic conditions were 
found during a substantial number of events, 
~40%, was BY9 (Table 1 and Fig. 1). More than 
two thirds of the measurements acquired at the 
southernmost stations were indicative of anoxic 
conditions.
From these data, two subsets were created. 
The first consisted of DSi and O2 concentrations 
averaged for each sampling event and represent 
the means of multiple observations acquired 
at different water depths below 100 m at each 
station. This data set is called mean data. The 
second set features only data from those meas-
urements conducted at maximum depth (i.e. max 
1 m above the sea floor) for each sampling event. 
Since anoxia is most common in the bottom 
layer, this set should contain a greater proportion 
of anoxic measurements than the first. This data 
set is named max data.
Statistical analysis
ANOVA followed by Tukey’s multiple compari-
son test were used to determine whether there 
were statistically significant differences in DSi 
means among stations. Pearson’s correlation was 
used to test the correlation between DSi and 
salinity, temperature respective O2. It was also 
tested for correlation between DSi and pH.
Stepwise regression analysis was used to 
determine if and how the variation in DSi concen-
trations was affected by variation in the measured 
O2 concentrations. It is of interest to determine 
whether the significant influx of saline water in 
1993 had any effect on the nature of this relation-
ship. The most common way would probably 
be to divide the data into two regression models 
— one before and one after the influx. How-
ever, this would not enable statistical testing of 
whether there was a significant difference in the 
relationship before and after the influx, but only 
the dependence for the respective time period. To 
statistically test the difference in between the peri-
ods, a dummy variable was introduced into the 
regression model. This dummy variable, D
70–92
, 
takes the value 1 for the years 1970–1992, and 0 
for the period 1993–2010. This led to the follow-
ing regression model:
Table 1. Characteristics of the stations over the time period 1970–2010. WD represents water depth. Salinity and 
sio4 are represented by their overall mean values and Hyp./anox. is the proportion, over time, the stations have 
been hypoxic (0–2 ml l–1) or anoxic (< 0 ml l–1).
Station lat. (°n) long. (°e) Year WD Salinity DSi Hyp./anox.
    (m) (PSU) (µmol l–1) (%)
BY10 56.38 19.35 1975–2010 176 11.8 55.7 32/61
BY11 57.04 19.50 1992–2010 226 12.0 64.3 31/61
BY15 57.20 20.03 1970–2010 245 12.4 72.5 33/64
BY19 57.37 20.10 1992–2010 162 11.5 59.8 27/72
BY20 58.00 19.53 1970–2010 204 11.7 65.5 25/75
BY21 58.27 20.20 1992–2010 132 10.5 45.4 89/7
BY27 59.18 21.34 1970–2010 195 10.4 60.7 52/45
BY28 59.02 21.05 1973–2010 206 10.6 55.8 61/39
BY29 58.53 20.19 1970–2010 187 10.9 55.6 60/40
BY30 58.47 19.06 1975–2010 197 10.4 49.9 94/6
BY31 58.35 18.14 1970–2010 458 10.4 51.8 69/31
BY32 58.01 17.59 1970–2010 211 10.0 54.4 43/52
BY34 57.40 17.56 1970–1992 109 10.0 59.4 75/21
BY36 57.43 17.22 1970–2010 164 9.9 54.0 76/20
BY38 57.07 17.41 1970–2010 115 9.7 54.8 48/44
BY9 56.08 19.17 1970–2010 135 11.3 47.3 55/4
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DSi = β0 + β1O2 + β2D70–92 + β3D70–92 ¥ O2 + ε (1)
β0 is the intercept for 1993–2010 and describes 
the mean DSi concentrations at the oxygen level 
of 0 ml l–1, β1 describes how DSi changes with O2 
during the same period. β2 is used to test if there 
is a significant difference in mean DSi concentra-
tions between the two periods. β3 tests if there is 
a significantly different relationship between DSi 
and O2 concentrations before and after this major 
salt-water intrusion, i.e. if the slope is signifi-
cantly different between the two periods.
The regression analyses were performed for 
all data points and stationwise to see if the 
relationships differed from station to station. In 
addition, analyses were performed on both max 
and mean data sets, i.e. on the data set focusing 
exclusively on the data set containing the deep-
est measurements and on that containing data 
representing averaged concentrations measured 
at multiple depths.
Results
The mean DSi concentrations differed signifi-
cantly from station to station (Fig. 2). The mean 
at BY21 was significantly lower than at all other 
stations except BY9, BY10 and BY30 (Fig. 2). 
The mean DSi concentration at BY34 was sig-
nificantly higher than all other stations except 
for four stations on the eastern side of the Baltic 
Proper (BY11, BY15, BY20 and BY27). How-
ever, it was not possible to see any clear geo-
graphical pattern to this variation.
There was no seasonality in the deep water 
DSi concentrations. The only significant differ-
ences found in the mean concentrations are for 
stations BY15 (November; significantly higher 
than in March and April) and BY31 (January, 
significantly higher than April). In a long-term, 
the mean DSi concentrations were significantly 
higher before the salt water intrusion. The only 
exceptions are BY10 (t-test, p = 0.175) and 
BY30 (t-test, p = 0.056). For BY11 and BY21 
the test was not performed as the time series start 
in 1992.
Changes in hydrography
DSi was positively, but not strongly, correlated 
with salinity (rP = 0.38, p < 0.001) and tem-
perature (rP = 0.24, p < 0.001). There was a large 
increase in salinity after 1993 (Fig. 3). This clearly 
illustrates the effects of the large influx of saline, 
relatively oxygen rich, water in that year. Also 
changes in the O2 and DSi concentrations were 
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apparent, although they seemed to lag behind the 
salinity increase. The year-to-year variation in the 
DSi concentrations was substaintial before 1992 
as compared with that after 1992 (Fig. 3). Such 
patterns were not obvious in the other data, where 
the variations in salinity and O2 concentrations 
over time were comparatively small. Two sta-
tions that contributed heavily to this effect were 
BY10 and BY30, at which large variations were 
recorded in the 1980s. No general geographical 
trend could be identified in the DSi levels meas-
ured at individual stations (Fig. 2).
Overall, the DSi concentrations were nega-
tively, and strongly, correlated with O2 (rP = 
–0.65, p < 0.001). Stationwise, this relationship 
was even stronger and for a majority of the sta-
tions this relationship looked different in the two 
periods (Fig. 4).
Regression of depth-integrated mean 
concentrations
The regression model based on all the data 
examined in this study accounted for approxi-
mately half of the observed variation in DSi 
(r2adj = 0.50; Table 2). The DSi concentration 
decreased significantly with increasing O2 con-
centration (β1). It was also apparent that the 
1992/1993 change had a significant impact on 
the relationship between the DSi and O2 concen-
trations, in terms of both the intercept (β2) and 
slope (β3). On average, this decrease with O2 was 
significantly greater before 1993 than after. If the 
conditions were to change from anoxic (i.e. an 
oxygen concentration of 0 ml l–1) to oxic (oxygen 
concentration > 2 ml l–1), the DSi concentration 
would be expected to decrease by 18 µmol l–1 
under pre-1993 conditions as compared with 11 
µmol l–1 for post-1993 conditions.
Stationwise, the strongest relationship 
between DSi and O2 concentrations was found 
for BY11 (r2adj = 0.78; Table 2). For three other 
stations (BY15, BY19 and BY21) the regression 
model was able to explain more than 50% of the 
variation in DSi concentration. For the north-
ernmost stations (BY27–BY30) and those in the 
southwest (BY34–BY36), however, the regres-
sion models did not account for a significant part 
of the DSi variation and some caution is neces-
sary when interpreting the results from these 
stations. It should also be noted that for station 
BY34, there were no observations after 1992, 
while the data series for stations BY11, BY19 
and BY21 started in 1992 (Table 1).
For the period 1993–2010, the intercept (β0) 
and slope (β1) parameters were similar for all the 
stations (Table 2). They were consistently lower 
than the corresponding parameters for the period 
between 1970 and 1992. For example, the inter-
cepts for 1970–1992 were typically ca. 60, com-
pared with ca. 50 for 1993–2010, while the slope 
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varied between –6.0 and –14.2 for 1970–1992, 
compared with –3.9 to –6.4 for 1993–2010. 
With the exception of station BY21, all stations 
were affected by the 1993 influx (Table 2). For 
some stations (BY9, BY10, BY27–BY30 and 
BY36), only the intercept changed significantly, 
with the slope remaining unchanged after 1993. 
At seven stations, the nature of the relationship 
between the DSi and O2 concentrations changed 
significantly after the influx (Table 2). Notably, 
at stations BY11, BY19, BY31 and BY32, the 
decrease in DSi concentrations with increasing 
O2 levels was almost twice as steep between 
1970 and 1992 as compared with that in the 
period between 1993 and 2010.
Regressions at maximum depth
The regression analyses using only the measure-
ments conducted at maximum sampling depth 
for each sampling event gave results similar to 
those obtained for the mean depth, but with a 
slightly higher coefficient of determination (r2adj 
= 0.62). The intercept was significantly higher 
for the period 1970–1992, while the regres-
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sion coefficient for O2 was significantly lower 
(Table 3). This was the same pattern as found for 
the mean data set, although more pronounced. 
This model indicated that when changing from 
anoxic to oxic conditions, DSi concentrations 
would decrease on average by 13 µmol l–1 during 
the period between 1993 and 2010, and by 20 
µmol l–1 during the period between 1970 and 
1992, or roughly by 0.8 µmol l–1 yr–1 as com-
pared with 0.9 µmol l–1 yr–1.
The strongest relationships were found for 
the stations in the deep Eastern Gotland basin, 
for which the r2 values were greater than 0.8 
(BY10–BY21; Table 3). These are the stations 
where bottom waters were found to be frequently 
anoxic (Table 1). The stations with compara-
tively low r2 values, explaining one fifth of the 
observed variation in DSi, were mainly located 
in the northernmost region (BY27–BY29).
Once again, stations BY21 and BY34 were 
unaffected by the 1992/1993 break. For most 
stations, however, the intercept for the period 
between 1993 and 2010 was 20%–50% greater 
than that for 1970–1992. For approximately half 
of the stations studied, the decrease in DSi con-
centrations with increasing O2 concentrations 
was significantly more pronounced in 1970–
1992 than in 1993–2010. Remarkably, for sta-
tions BY20 and BY29, the slope parameter for 
the interaction variable is positive, indicating 
that changes in the O2 concentration had a less 
pronounced effect on DSi concentrations during 
the period between 1970 and 1992 than between 
1993 and 2010.
Discussion
The relationships between DSi and O2 concen-
trations were very consistent among stations, as 
demonstrated by the similarities of the regres-
sion coefficients, even though the models indi-
cate a stronger relationship in the eastern region.
There are a number of factors and processes 
that explain the variation in DSi and the strong 
relationship with O2. They are, to some extent, 
controlled by the same physical factors (e.g. 
intrusion of saline waters) and biogeochemical 
processes (e.g. mineralisation of DSi) that will 
be discussed in the following sections.
Spatial variation in the observed silica 
concentrations
There is no obvious geographical pattern in the 
Table 2. regression results for the data set with mean 
values. DSi = β0 + β1 o2 + β2D70–92 + β3D70–92 ¥ o2, where 
D = 1 for 1970–1992 and 0 for 1993–2010. ns = not 
significant.
Station r 2adj. β0 β1 β2 β3
all stations 0.503 50.3 –5.6 12.7
BY10 0.541 48.3 –4.9 ns 6.1
BY11 0.775 53.1 –6.3 ns –9.2
BY15 0.658 51.0 –6.2 20.3 ns
BY19 0.625 49.0 –3.9 4.7 –10.4
BY20 0.481 50.2 –6.2 15.6 11.3
BY21 0.600 49.1 –4.5 ns ns
BY27 0.302 51.9 –7.1 11.5 ns
BY28 0.286 50.6 –6.9 8.8 ns
BY29 0.326 50.4 –6.0 10.6 ns
BY30 0.461 50.4 –5.7 7.4 ns
BY31 0.539 50.3 –5.7 12.5 –5.4
BY32 0.508 50.8 –4.5 13.0 –6.9
BY34 0.192 63.1 –11.6 ns ns
BY36 0.270 50.8 –8.0 8.9 ns
BY38 0.572 51.2 –4.8 12.6 –5.7
BY9 0.348 48.3 –6.1 11.9 ns
Table 3. regression analysis for the data set with 
observations at maximum water depth. DSi = β0 + β1o2 
+ β2D70–92 + β3D70–92 ¥ o2, where D = 1 for 1970–1992 
and 0 for 1993–2010. ns = not significant.
Station r 2adj. β0 β1 β2 β3
all stations 0.617 51.4 –6.5 13.8 –3.1
BY10 0.824 52.6 –6.9 12.6 ns
BY11 0.894 54.4 –6.3 ns –5.2
BY15 0.725 53.0 –6.6 25.9 –2.5
BY19 0.653 54.3 –8.2 ns ns
BY20 0.586 51.6 –6.4 23.6 3.4
BY21 0.632 50.6 –4.9 ns ns
BY27 0.240 51.1 –6.0 13.0 ns
BY28 0.198 50.1 –5.4 8.2 ns
BY29 0.387 50.8 –6.1 13.0 4.8
BY30 0.448 50.6 –6.4 8.0 ns
BY31 0.516 50.1 –5.5 11.8 –6.5
BY32 0.523 51.0 –4.5 12.7 –7.6
BY34 0.200 63.2 –12.0 ns ns
BY36 0254 51.5 –8.6 9.5 ns
BY38 0.550 51.5 –4.8 12.9 –5.6
BY9 0.382 49.8 –6.6 13.4 ns
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measured DSi concentrations. BY34 had a sig-
nificantly higher mean concentration than the 
other stations, which might be because the only 
data for this station were acquired during the 
pre-1993 period when the DSi levels were com-
paratively high. The higher mean DSi concentra-
tions for the first period are consistent with those 
reported in previous studies. DSi concentrations 
in the Baltic Proper were higher in the past than 
at present, and they are still decreasing (Papush 
and Danielsson 2006). Focusing on measure-
ments acquired at water depths below 100 m, 
significant trends were previously found for sta-
tions BY15, BY27, BY31, BY32 and BY38. The 
DSi concentrations measured at these stations 
decreased between 1970 and 1990, and, for all 
stations but BY27, increased between 1993 and 
2001 (ibid.). No such trends were found in the 
river DSi loads during these periods, indicat-
ing that the changes in DSi concentration in the 
bottom waters were probably unrelated to the 
external load.
There is a non-systematic difference in mean 
concentrations between stations that cannot be 
explained by location alone. A previous study 
by Rahm and Danielsson (2007) showed that in 
general, surface DSi concentrations on the west-
ern side of the Baltic Proper are considerably 
higher than those on the eastern side. However, 
they also found the DSi retention to be very low 
in the western side, indicating that DSi exported 
from the northern Gulf of Bothnia was generally 
transported southwards and out of the Baltic Sea 
through this region. The DSi residence times are 
longer in the central part of the basin than in the 
coastal areas (Papush et al. 2009) influencing the 
retention rate.
Changes in hydrography
Factors known to increase the rate of Si dissolu-
tion include salinity and temperature (Hurd 1983, 
Spencer 1983, Van Cappellen and Qiu 1997). 
Temperature changes did not seem to have a 
major effect on the data examined in this work 
(low correlation), while the correlation between 
salinity and DSi was somewhat higher. However, 
the consequences of salinity changes are dem-
onstrated by the responses to the 1993 salt water 
intrusion. The present regression analyses showed 
that these intrusions had significant effects on the 
DSi concentrations at all stations; in general, 
the post-intrusion intercepts were lower and the 
decrease in DSi concentrations with increasing 
O2 levels became less pronounced. In addition, 
the variation in the data decreased after the intru-
sion. When the deep water was replaced during 
major inflows, the water masses were forced 
upwards (Stigebrandt and Gustafsson 2007). 
These water masses contained large stocks of 
silica, and a result of these water masses being 
forced upwards could be a decrease in the DSi 
concentrations in the deep waters.
Another factor that may affect the DSi con-
centration is pH. At all stations and during all 
years examined in this work, pH varied between 
7 and 8.3. DSi concentrations, however, did not 
correlate with pH (r = –0.09). This is consistent 
with the findings of Bauerfeind and von Bodun-
gen (2006), who did not find any changes in BSi 
dissolution due to changes in pH (6.5–8.5).
Biogeochemical cycling
The regression analysis shows that the DSi con-
centrations significantly decreased with increas-
ing O2 concentrations. Previously Seiter et al. 
(2010) found a negative correlation between the 
benthic biogenic Si and O2 fluxes. The higher Si 
concentrations in anoxic water are assumed to be 
due to biogeochemical processes that favour the 
export of DSi from the sediments (von Bodun-
gen 1986, Berelson et al. 1987, Belias et al. 
2007, Papush et al. 2009). In fact, Bauerfeind 
and von Bodungen (2006) suggested that anoxic 
conditions may enhance the dissolution of bio-
genic silica in the Baltic Sea compared to the 
North Atlantic.
There are several parallels between Si and 
P cycling. It has been suggested that the release 
of P from the sediments was more intense in the 
aftermath of the 1993 intrusion than at the end of 
the period of stagnation right before the intrusion 
(Conley et al. 2002). If dissolved P is not bound 
to stable compounds and buried, there may be a 
significant flux out of the sediments (Hille et al. 
2005). Stigebrandt and Gustafsson (2007) found 
that shifts from oxic to anoxic bottoms within 
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the Baltic Proper may potentially release up to 
3g P m–2. Rydin et al. (2011) calculated a long-
term release rate of 1–2.7 g P m–2 yr–1. No analo-
gous estimates for Si have been reported.
As presented above, previous studies suggest 
that dissolution of biogenic silica is proportional 
to O2 consumption, and the benthic Si fluxes are 
negatively correlated with the O2 fluxes. Most of 
the stations examined in this work are located 
in hypoxic waters (Table 1), only three were 
located at sites where bottom water was mostly 
anoxic over the studied period (BY11, BY15 and 
BY20). The mean DSi concentrations measured 
at these three stations were significantly higher 
than those found at other stations (Fig. 2). The 
deep waters around station BY9, which is in the 
southernmost part of the Baltic Proper, are oxic 
almost 40% of the time, and have significantly 
lower mean DSi concentrations than most other 
stations. It is therefore reasonable to assume 
that the concentrations in the water mass largely 
reflect the variation in the O2 conditions.
Diatoms dissolve, at least to some extent, in 
the water column or at the sediment–water inter-
face. Bacterial activity can facilitate and control 
the process of silica dissolution on a micro-envi-
ronmental scale by increasing the rate at which 
the organic layer covering the amorphous diatom 
shells is removed (Spencer 1983, Holstein and 
Hensen 2010). These effects might be significant 
in the Baltic Proper, which has significant bacte-
rial production (Hagström et al. 2001). Sedimen-
tation of spring diatoms, with subsequent min-
eralisation and dissolution of their Si, generates 
Si pulses in the sediment. Sufficiently large Si 
inputs could have a pronounced effect also on P 
dynamics, causing either an increased release of 
inorganic P or a change in the balance between 
dissolved organic P and microbial-bound par-
ticulate organic P (Kairesalo et al. 1995, in 
Tuominen et al. 1998). Numerous studies have 
shown that Si and P compete for sorption sites 
(e.g. Tuominen et al. 1998, Tallberg et al. 2008, 
Cornelis et al. 2011). Anions of both elements 
can adsorb to the surfaces of Fe- and Al-oxides. 
In fact, Brinkman (1993). found that 50%–60% 
of the extracted Si were found in fractions that 
are assumed to be Fe-bound.
Sediment fluxes may be an important internal 
source of DSi. Because of the ongoing decrease 
in Si concentrations, the mass of diatoms in the 
spring bloom is decreasing, which allows for an 
increase in the size of the cyanobacterial blooms 
in the summer (Heiskanen 1998, Wasmund and 
Uhlig 2003, Schneider et al. 2009). Drastic 
decreases in spring diatom blooms were first 
reported at the end of the 1980s (Wasmund and 
Uhlig 2003). These were assumed to be caused 
by mild winters preventing deep mixing, a neces-
sity for diatom blooms. After the year 2000, the 
intensity of these diatom blooms increased (Was-
mund et al. 2011), which is consistent with the 
negative trends in DSi concentrations presented 
in Papush and Danielsson (2006). In years with 
low production in spring, there was a corre-
sponding high production in autumn. There also 
seems to be a negative relationship between 
diatom biomass and dinoflagellate biomass, with 
high dinoflagellate biomasses occurring in years 
with modest diatom blooms (Henriksen 2009, 
Wasmund et al. 2011). With the current low 
DSi levels, there are signs of Si limitation in 
some areas, which seem to be affecting both the 
quantity and quality of the diatoms in the spring 
blooms (Olli et al. 2008). This further highlights 
the importance of internal Si loads from sources 
such as anoxic areas (Papush et al. 2009), some-
thing also indicated in the present study.
Conclusions
The results reported herein provide quantita-
tive information on the relationship between the 
concentrations of Si and O2 within the bottom 
water of the Baltic Proper. The DSi concentra-
tions were shown to decrease as the O2 concen-
trations in the deep layers rise; this relationship 
was found for all the stations considered. The 
effects of a major salt water intrusion in 1993 
were also investigated; it was found that the rela-
tionship between O2 and DSi concentrations was 
strengthened by the influx. This relationship can 
be explained by the deep water exchange, as well 
as processes affecting mineralisation of DSi.
In an area where Si is rapidly becoming 
a seasonal limiting nutrient, sediments are an 
important internal source of silica. The hypoxic/
anoxic conditions in the central and southern 
Baltic Proper could favour Si dissolution. The 
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scope for combating eutrophication by oxygen-
ating the bottom waters, and thereby increasing 
P retention, is being explored in a number of 
ongoing studies. The results reported here show 
that more studies on silica should be conducted 
before taking such action. It will be necessary to 
verify that oxygenation of the deep waters would 
not result in severe reductions in the biologically 
available Si, which would have adverse conse-
quences on diatom production, or in increased P 
recycling due to competition for adsorption sites.
Acknowledgement: This study was funded by the BOX-pro-
ject (SEPA grant NV 08/307 F-255-08). The author acknowl-
edges Philip Axe (SMHI) for help with retrieving data from 
the SHARK database at SMHI, and two anonymous review-
ers for their valuable comments.
References
Andrén E. 1999. Changes in the composition of the diatom 
flora during the last century indicate increased eutrophi-
cation of the Oder estuary, south-western Baltic Sea. 
Estuarine, Coastal and Shelf Science 48: 665–676.
Bauerfeind E. & von Bodungen B. 2006. Underestimation of 
biogenic silicon flux due to dissolution in sediment trap 
samples. Marine Geology 226: 297–306.
Belias C., Dassenaks M. & Scoullos M. 2007. Study of the 
N, P and Si fluxes between fish farm sediment and sea-
water. Results of simulation experiments employing a 
benthic chamber under various redox conditions. Marine 
Chemistry 103: 266–275.
Berelson W.M., Hammond D.E. & Johnson K.S. 1987. Ben-
thic fluxes and the cycling of biogenic silica and carbon 
in two southern California borderland basins. Geochim-
ica et Cosmochimica Acta 51: 1345–1363.
Billen G. & Garnier J. 2007. River basin nutrient delivery 
to the coastal sea: Assessing its potential to sustain new 
production of non-siliceous algae. Marine Chemistry 
106: 148–160.
Brinkman A. 1993. A double-layer model for ion adsorption 
onto metal oxides, applied to experimental data and 
to natural sediments of Lake Veluwe, the Netherlands. 
Hydrobiologia 253: 31–45.
Conley D.J., Humborg C., Rahm L., Savchuk O.P. & Wulff F. 
2002. Hypoxia in the Baltic Sea and basin-scale changes 
in phosphorus biogeochemistry. Environmental Science 
and Technology 36: 5315 – 5320.
Conley D.J., Humborg C., Smedberg E., Rahm L., Papush 
L., Danielsson Å., Clarke A., Pastuszak M., Aigars J. 
& Ciuffa D. 2008. Past, present and future state of the 
biogeochemical Si cycle in the Baltic Sea. Journal of 
Marine Systems 73: 338–346.
Cornelis J.-T., Delvaux B., Georg R.B., Lucas Y., Ranger J. 
& Opfergelt S. 2011. Tracing the origin of dissolved sili-
con transferred from various soil–plant systems toward 
rivers: a review. Biogeosciences 8: 89–112
Danielsson Å., Jönsson A. & Rahm L. 2007. Resuspension 
patterns in the Baltic Proper. Journal of Sea Research 
57: 257–269.
Danielsson Å., Papush L. & Rahm L. 2008. Changing the 
Baltic Sea as a consequence of alterations in nutrient 
limitations. Journal of Marine Systems 73: 263–283.
Díaz R. 2000. Overview of hypoxia around the world. Jour-
nal of Environmental Quality 30: 275–281.
Díaz R. & Rosenberg R. 2008. Spreading dead zones and 
consequences for marine ecosystems. Science 321: 926–
929.
Elken J. & Matthäus W. 2008. Physical system description. 
In: The BACC Author Team, Assessment of climate 
change for the Baltic Sea basin, Regional Climate Stud-
ies, Springer-Verlag, Berlin, Heidelberg, pp. 379–398.
Ellegaard M., Clarke A., Reuss N., Drew S., Weckström K., 
Anderson N. & Conley D. 2006. Long-term changes in 
plankton community structure and geochemistry in Mar-
iager Fjord, Denmark, linked to increased nutrient load-
ing. Estuarine, Coastal and Shelf Science 68: 567–578.
Elmgren R. 2001. Understanding human impact on the Baltic 
ecosystem: changing views in recent decades. Ambio 30: 
222–231.
Fonselius S. 1981. Oxygen and hydrogen sulphide condi-
tions in the Baltic Sea. Marine Pollution Bulletin 12: 
187–194.
Grasshoff K., Ehrhardt M. & Kremling K. 1983. Methods of 
seawater analysis. Verlag Chemie, Weinheim.
Gustafsson E. 2012. Modelled long-term development of 
hypoxic area and nutrient pools in the Baltic Proper. 
Journal of Marine Systems 94: 120–134.
Hagström Å., Azam F., Kuparinen J. & Zweifel U.-L. 2001. 
Pelagic plankton growth and resource limitations in the 
Baltic Sea. In: Wulff F., Rahm L. & Larsson P. (eds.), A 
system analysis of the Baltic Sea, Ecological Series 148, 
Springer Verlag, Berlin, pp. 177–210.
Hannerz F. & Destouni G. 2006. Spatial characterization of 
the Baltic Sea drainage basin and its unmonitored catch-
ments. Ambio 35: 214–219.
Hansson M., Andersson L. & Axe P. 2010. Expeditionsrap-
port från U/F Argos: syrgaskartering i Östersjön. SMHI 
report M-Gbg 2010-261.
Heiskanen A.S. 1998. Factors governing sedimentation and 
pelagic nutrient cycles in the northern Baltic Sea. Mono-
graphs of the Boreal Environment Research 8: 1–80.
HELCOM 2000. Manual for marine monitoring in the Com-
bine Programme of HELCOM Helsinki Commission.
Henriksen P. 2009. Long-term changes in phytoplankton in 
the Kattegat, the Belt Sea, the Sound and the western 
Baltic Sea. Journal of Sea Research 61: 114–123.
Hille S., Nausch G. & Leipe T. 2005. Sedimentary deposi-
tion and reflux of phosphorus (P) in the Eastern Gotland 
Basin and their coupling with the P concentrations in the 
water column. Oceanologia 47: 663–679.
Holstein J. & Hensen C. 2010. Microbial mediation of ben-
thic biogenic silica dissolution. Geo-Marine Letters 30: 
477–492.
Humborg C., Smedberg E., Rodriguez-Medina M. & Mörth 
C.-M. 2008. Changes in dissolved silicate loads to the 
Boreal env. reS. vol. 19 • Influence of hypoxia on silicate concentrations in the Baltic Proper 279
Baltic Sea — the effects of lakes and reservoirs. Journal 
of Marine Systems 73: 223–235.
Hurd D. 1983. Physical and chemical properties of siliceous 
skeletons. In: Aston S.R. (ed.), Silicon geochemistry 
and biogeochemistry, Academic Press Inc., London, pp. 
187–244.
Jurgensone I., Carstensen J., Ikauniece A. & Kalveka B. 
2011. Long-term changes and controlling factors of phy-
toplankton community in the Gulf of Riga (Baltic Sea). 
Estuarines and Coasts 34: 1205–1219.
Kairesalo T. Tuominen L., Hartikainen H. & Rankinen K. 
1995. The role of bacteria in the nutrient exchange 
between sediment and water in a flow-through system. 
Microbial Ecology 29: 129–144.
Kuparinen J. & Tuominen L. 2001 Eutrophication and self-
puration: counteractions forced by large-scale cycles and 
hydrodynamic processes. Ambio 30: 190–194.
Matthäus W. & Schinke H. 1999. The influence of river 
runoff on deep water conditions of the Baltic Sea. Hyd-
robiologia 393: 1–10.
Matthäus W. 2006. The history of investigation of salt water 
inflows into the Baltic Sea — from the early begin-
ning to recent results. Meereswissenschaftliche Berichte, 
Warnemünde 65: 1–74.
Mort H., Slomp C., Gustafsson B. & Andersen T. 2010. 
Phosphorus recycling and burial in Baltic Sea sediments 
with contrasting redox conditions. Geochimica et Cos-
mochimica Acta 74: 1350–1362.
Olli K., Clarke A.-M., Danielsson Å., Aigars J., Conley D. & 
Tamminen T. 2008. Diatom stratigraphy and long-term 
dissolved silica concentrations in the Baltic Sea. Journal 
of Marine Systems 73: 284–299.
Papush L. & Danielsson Å. 2006. Silicon in the marine 
environment: dissolved silica trends in the Baltic Sea. 
Estuarine, Coastal and Shelf Science 67: 53–66.
Papush L., Danielsson Å. & Rahm L. 2009. Dissolved silica 
budget for the Baltic Sea. Journal of Sea Research 62: 
31–41.
Rabalais N., Diaz R., Levin L., Turner R., Gilbert D. & 
Zhang J. 2010. Dynamics and distribution of natural and 
human-caused hypoxia. Biogeosciences 7: 585–619.
Rahm L. & Danielsson Å. 2001. Statistical analysis of spa-
tial and temporal variations in the Baltic Sea. In: Wulff 
F., Rahm L. & Larsson P. (eds.), A system analysis of 
the Baltic Sea, Ecological Series 148, Springer-Verlag, 
Berlin, pp. 329–351.
Rahm L. & Danielsson Å. 2007. Spatial heterogeneity of 
nutrients in the Baltic Proper, Baltic Sea. Estuarine, 
Coastal and Shelf Science 73: 268–278.
Reissman J., Burchard H., Feistel R., Hagen E., Lass H., 
Mohrholtz V., Nausch G., Umlauf L. & Wieczorek 
G. 2009. Vertical mixing in the Baltic Sea and conse-
quences for eutrophication: a review. Progress in Ocean-
ography 82: 47–80.
Rydin E., Malmaeus J., Karlsson O. & Jonsson P. 2011. 
Phosphorus release from coastal Baltic Sea sediments 
as estimated from sediment profiles. Estuarine, Coastal 
and Shelf Science 92: 111–117.
Savchuk O.P. 2010. Large-scale dynamics of hypoxia in the 
Baltic Sea. In: Yakushev E.V. (ed.), Chemical structure 
of pelagic redox interfaces: observation and modeling, 
The Handbook of Environmental Chemistry vol. 22, 
Springer Verlag, Berlin–Heidelberg, pp. 137–160.
Schelske C.L., Stroermer E.F., Conley D., Robbins, J. & 
Glover R. 1983. Early eutrophication in the Lower Great 
Lakes: new evidence from biogenic silica in sediments. 
Science 222: 320–322.
Schneider B., Kaitala S., Raateoja M. & Sadkowiak B. 2009. 
A nitrogen fixation estimate for the Baltic Sea based on 
continuous pCO2 measurements on a cargo ship and total 
nitrogen data. Continental Shelf Research 29: 1535–1540.
Seiter K., Hensen C. & Zabel M. 2010. Coupling of benthic 
uptake and silica release: implications for estimating 
biogenic particle fluxes to the seafloor. Geo-Marine Let-
ters 30: 493–509.
Spencer C. 1983. Marine Biogeochemistry of Silicon. In: 
Aston S.R. (ed.), Silicon geochemistry and biogeochem-
istry, Academic Press Inc., London, pp. 101–142.
Stigebrandt A. 2001. Physical oceanography of the Baltic 
Sea. In: Wulff F., Rahm L. & Larsson P. (eds.), A 
system analysis of the Baltic Sea, Ecological Series 148. 
Springer-Verlag, Berlin, pp. 19–74.
Stigebrandt A. & Gustafsson B. 2003. Response of the Baltic 
Sea to climate change: theory and observations. Journal 
of Sea Research 49: 243–256.
Stigebrandt A. & Gustafsson B. 2007. Improvement of Baltic 
proper water quality using large-scale ecological engi-
neering. Ambio 36: 280–286.
Stålnacke P., Grimvall A., Sundblad K. & Tonderski A. 1999. 
Estimation of riverine loads of nitrogen and phosphorus 
the response to the Baltic Sea. Environmental Monitor-
ing and Assessment 58: 173–200.
Tallberg P., Tréuger P., Beucher C. & Corvaisier R. 2008. 
Potentially mobile pools of phosphorus and silicon in 
sediment from the bay of Brest: Interactions and impli-
cations for phosphorus dynamics. Estuarine, Coastal 
and Shelf Science 76: 85–94.
Tallberg P., Räike A., Lukkari K., Leivuori M., Lehtoranta J. 
& Pitkänen H. 2012. Horizontal and vertical distribution 
of biogenic silica in the coastal and profundal sediments 
of the Gulf of Finland (northeastern Baltic Sea). Boreal 
Environment Research 17: 347–362.
Tuominen L., Hartikainen H., Kairesalo T. & Tallberg P. 
1998. Increased bioavailability of sediment phospho-
rus due to silicate enrichment. Water Research 37: 
2001–2008.
van Cappellen P. & Qiu L. 1997. Biogenic silica dissolution 
in sediments of the Southern Ocean. I. Solubility. Deep-
Sea Research II: Topical Studies in Oceanography 44: 
1109–1128.
van Capellen P. & Ingall E. 1994. Benthic phosphorus regen-
eration, net primary production and ocean anoxia: a 
model of the coupled marine biogeochemical cycles of 
carbon and phosphorus. Paleoceanography 9: 677–692.
von Bodungen, B. 1986. Annual cycles of nutrients in a 
shallow inshore area, Kiel bight: variability and trends. 
Ophelia 26: 91–107.
Wasmund N. & Uhlig S. 2003. Phytoplankton trends in 
the Baltic Sea. ICES Journal of Marine Science 60: 
177–186.
280 Danielsson • Boreal env. reS. vol. 19
Wasmund N., Tuimala J., Suikkanen S. Vandepitte L. & Kra-
berg A. 2011. Long-term trends in phytoplankton com-
position in the western and central Baltic Sea. Journal of 
Marine Systems 87: 145–159.
Weckström K. 2006. Assessing recent eutrophication in coastal 
waters of the Gulf of Finland (Baltic Sea) using subfossil 
diatoms. Journal of Paleolimnology 35: 571–592.
Weckström K., Korhola A. & Weckström J. 2007. Impacts of 
eutrophication on diatom life forms and species richness 
in coastal waters of the Baltic Sea. Ambio 36: 155–160.
Zillén L., Conley D., Andrén T. Andrén E. & Björck S. 2008. 
Past occurrence of hypoxia in the Baltic Sea and the role 
of climate variability environmental change and human 
impact. Earth-Science Reviews 91: 77–92.
